Introduction
============

Over the past several decades, our understanding of innate immune system responses has been markedly increased through the intensive study of Toll-like receptors (TLRs).^[@r01])^ The TLR system consists of a family of recognition units that respond to microbe-associated molecular patterns (MAMPs) derived from microbes and that are expressed on the cell-surface or endosomes of innate immune cells such as epithelial cells and antigen-presenting cells (APCs). Activation of TLRs generally leads to pro-inflammatory cytokine responses and enhanced antigen (Ag)-specific adaptive immune responses, both of which are necessary for host defense against microbial infections.^[@r01])^ However, in some circumstances such activation can be inappropriate or excessive and in these instances has been implicated in the immuno-pathogenesis of auto-immune diseases.^[@r02])^

More recent studies of innate immune responses have led to the discovery that the TLR-dependent model of host recognition and response to MAMPs described above are not limited to TLRs. This became apparent from the identification of another family of innate immune receptors called nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) that also recognize and respond to MAMPs^[@r03]--[@r06])^ but differ from TLRs in their structure and in their cytosolic location. In addition, the MAMPs sensed by TLRs and NLRs are markedly different, as is the downstream signaling pathways induced by the MAMPs.^[@r01],[@r03]--[@r06])^ These differences make it clear that NLRs constitute an innate immune mechanism that is parallel to but independent of the TLRs mechanism.

NOD1 is a prototypical NLR that detects small peptides (notably γ-D-glutamyl meso-diaminopimelic acid (iE-DAP) and related peptides) derived from peptidoglycan (PGN), a major component of the bacterial cell wall.^[@r07])^ Given the fact that PGN containing iE-DAP is present in the cell wall of the Gram-negative bacteria constituting the major class of organisms comprising the gut microflora, NOD1 responses are potentially involved in both homeostatic and host-defense responses to commensal and pathogenic organisms in the gastrointestinal (GI) tract. In fact, there is extensive evidence that NOD1 responses to commensal organisms are not only important during the development of the mucosal immune system early in life,^[@r08])^ but also important later on in responses to infection caused by important pathogens such as *Helicobacter pylori* (*H. pylori*).^[@r09]--[@r11])^ In addition, there is evidence that NOD1 responses are key factors in the development of pancreatitis as reflected in the experimental pancreatitis caused by cholecystokinin hyper-stimulation.^[@r12]--[@r14])^ In this review, we focus on these somewhat disparate NOD1-mediated responses with the aim of clarifying how molecular events initiated by NOD1 activation can contribute to both host defense and inflammatory responses.

Structure of NOD1 and uptake of NOD1 ligands
============================================

NOD1 is structurally similar to other NLR proteins in that it is composed of an N-terminal caspase activation and recruitment domain (CARD), a central NOD and a C-terminal leucine-rich repeat domain (LRR).^[@r03]--[@r06])^ As in the case of TLRs containing LRR domains, NOD1 detects its ligand through its C-terminal LRR and ligand binding to this domain leads to oligomerization of NOD1 accompanied by binding and activation of receptor interacting protein 2 (RIP2), the obligate initiator of NOD1 downstream signaling pathways.

Given the fact that NOD1 is expressed in the cytoplasm rather than in the membrane of cells, bacterial PGN needs to gain entry into cells before it can activate NOD1. Obviously, this problem does not apply to ligand associated with invasive bacteria that exhibit various mechanisms of cell entry. However, there exist other pathways of ligand entry that can be potentially used by non-invasive bacteria as well as invasive bacteria. One such pathway involves cellular uptake of bacteria by endocytosis followed by degradation of bacterial components (including PGN) in phago-lysosomes and transport of the peptides derived from degradation across the endosomal membrane by a peptide transporter protein, solute carrier family 15 (SLC15A3 and/or SLC15A4) members.^[@r15],[@r16])^ This has been shown by the fact that SLC15A4-deificent mice showed a significant decrease in the NOD1 ligand--induced secretion of cytokine as compared with SLC15A4-intact mice^[@r15])^ and SLC15A3-deficient cells have been shown to exhibit reduced production of cytokines upon stimulation with NOD2 ligand.^[@r16])^ Interestingly, NOD2 binds to SLC15A and the complex formed includes RIP2, indicating that the transporter protein serves as a "platform" for NOD protein activation at the endosomal interface. Another pathway of NOD1 ligand delivery into the cytoplasm involves outer membrane vesicles (OMVs), *i.e.*, bilayered spherical structures that can be shed from all Gram-negative bacteria.^[@r17])^ Such OMVs contain PGN and are taken up by cells via autophagy into autophagosomes. NOD1 ligand is presented to NOD1 by early endosomes, perhaps by a mechanism involving SLC15 transporter proteins as discussed above; this mechanism whatever its nature, also facilitates NOD1 binding to RIP2. Yet a third pathway of NOD1 ligand delivery occurs via direct delivery of ligand by a Type IV bacterial secretion system.^[@r09])^ This has been described in relation to delivery of PGN into gastric epithelial cells by *H. pylori* bearing the cag pathogenicity island, the latter encoding the genes for the secretion system. However, it applies to any bacterium that expresses a Type IV secretion system.

These findings regarding the delivery systems of NOD1 ligands and PGN strongly suggest that NOD1 can recognize not only invasive bacteria but also extracellular bacteria. As such they suggest that activation of NOD1 is a common event in cells exposed to Gram-negative bacteria.

NOD1-expressing cells
=====================

NOD1 is expressed in a broad range of both hematopoietic cells and non-hematopoietic cells and thus has the potential to fulfill a variety of immunologic functions. Among hematopoietic cells its role in the innate responses of APCs such as macrophages and dendritic cells is most prominent and indeed these cells constitutively express cytoplasmic NOD1 that mediate cytokine responses to NOD1 ligands as already indicated above.^[@r03]--[@r06])^ However, while independent NOD1 ligand stimulation elicits rather low level cytokine responses as compared to those elicited by TLR ligands they have a marked ability to enhance concomitant TLR responses.^[@r18],[@r19])^ This is most likely due to the fact that NOD1 signaling (as well as NOD2 signaling) engages a down-stream activation pathway that is somewhat independent of and additive to the pathway ordinarily utilized by TLR signaling, such as RIP2 signaling.^[@r03]--[@r06])^ Whatever its underlying mechanism, the synergism between NOD1 and TLR signaling has been shown to be necessary for the initiation of substantial adaptive T helper type 1 (Th1), Th2, and Th17 responses.^[@r20],[@r21])^ In effect, this means that innate immune sensing of PGN by NOD1 acts cooperatively with sensing of MAMPs by TLRs to promote the development of the robust innate and adaptive responses necessary for eradication of invasive bacteria. A good example of this is the role of NOD1 in a model of *Salmonella typhimurium* infection wherein it has been shown that NOD1 expressed by intestinal lamina propria dendritic cells is indispensable to the elimination of the Salmonella.^[@r22])^

Another role of cytosolic NOD1 in microbial infection also related to the fact that its signaling pathway is somewhat independent of that utilized by TLR ligands has been uncovered by Kim *et al.*^[@r23],[@r24])^ It has been shown that repeated exposure of APCs to the same or other TLR ligands results in reduced pro-inflammatory cytokine responses and defense against bacteria, probably due to an as yet poorly defined tolerance mechanism.^[@r25])^ However, such reduction is more severe in the absence of NOD1 (and NOD2), indicating that responses mediated by the latter ameliorate the tolerance effect.^[@r23],[@r24])^ This can be explained by the supposition that mechanisms of TLR and NOD tolerization are different and that NOD responses are preserved in the face of TLR tolerization.

NOD1 (and NOD2) are also expressed by B and T cells but ligands for these innate factors elicit responses only when the cells are also stimulated via their respective Ag receptors.^[@r26],[@r27])^ However, the co-stimulatory responses to NOD1 and NOD2 ligand stimulation in these cells are quite modest and are observed with respect to NOD1 only in the case of tonsil-derived B cells.

Neutrophils are yet another hematopoietic cell that expresses functional NOD1 and indeed it has been shown that bone marrow neutrophils are pre-activated by NOD1 (but not by NOD2) recognition of bacterial PGN translocated from the gut into the bone marrow.^[@r28],[@r29])^ In addition, such NOD1-mediated neutrophil pre-activation and its associated increased phagocytic capacity enhances killing of *Streptococcus pneumoniae* and *Staphylococcus aureus* organisms and thus participates in host defense against infection with these bacteria.

As indicated above, NOD1 is also expressed in non-hematopoietic cells and indeed NOD1 responses in such cells may contribute to homeostasis or host defense against pathogens in a manner independent of concomitant NOD1 responses in APCs. This is usually inferred from *in vitro* studies of cell lines or *in vivo* studies of *in situ* cells that are shown to produce NOD1-dependent, epithelial cell-specific anti-microbial peptides (AMPs). NOD1 responses in gut epithelial cells have been the main focus of study in this context corresponding to the fact that such cells are in constant contact with the gut microflora that express NOD1 ligands.^[@r03]--[@r06])^ With respect to gut epithelial cell responses affecting homeostasis, it has been shown that NOD1-deficient mice (as well as NOD2-deficient mice) exhibit increased para-cellular permeability as well as decreased RegIII-γ production and, as a possible consequence, exhibit increased susceptibility to dextran sodium sulfate-induced colitis.^[@r30])^ In addition, qPCR-based assessment of mRNA expression in the ileum or cecum of NOD1-deficient mice revealed that such mice produced lower levels of NOD2, Muc2, α- and β-defensins as well as keratinocyte-derived chemokine as compared to NOD1-intact littermates; however, this was not associated with changes in the gut microbiome.^[@r31])^ These studies relate to those of NOD2-deficient mice in which it was shown that NOD2 deficiency leads to increased gut permeability, increased microflora-dependent induction of suppressor cells and decreased experimental colitis; thus, NOD2 deficiency (and by extension, NOD1 deficiency) has significant down-stream effects on gut homeostasis.^[@r32])^

Epithelial cell-intrinsic NOD1 responses also contribute to host defense against gut pathogens. Thus, *H. pylori*, an organism that does not invade the lamina propria, elicits a NOD1-dependent type I IFN and chemokine responses in epithelial cell lines.^[@r09],[@r10])^ That this type of response affects host defense was shown by the fact that the gastric cancer cell line with reduced NOD1 expression secrete a reduced amount of AMPs and exhibited a reduced capacity to kill *H. pylori* organisms;^[@r33])^ in addition, mice with NOD1 deficiency exhibit increased susceptibility to *H. pylori* infection due to impaired type I IFN and Th1 responses.^[@r34])^ Such NOD1-mediated host defense is not limited to *H. pylori* since it has been shown that exposure of cells to enteroinvasive *Escherichia coli* elicits a NOD1-dependent host defense response suggesting that NOD1 signaling in epithelial cells has a very broad capacity to induce host defense factors.^[@r35])^ Finally, it should be mentioned that NOD1-deficient mice are more susceptible to *Clostridium difficile* infection which in this case was attributed to decreased neutrophil recruitment occurring as a result of decreased epithelial cell C-X-C motif chemokine ligand 1 (CXCL1) production.^[@r36])^

NOD1 signaling relating to host defense is by no means limited to epithelial cells in the GI tract. This is shown in studies of *Chlamidia trachomatis* infection wherein it has been shown that host defense against infection of the female genital tract by this organism is accompanied by NOD1-mediated induction of IL-1β by trophoblast cells.^[@r37])^ In addition, *Chlamydia pneumoniae* infection elicits NOD1 activation followed by IL-8 production in endothelial cells that in this case links NOD1 activation with the development of vascular lesions and coronary heart disease caused by this organism.^[@r38])^ Finally, it should be noted that parenchymal cells such as hepatocytes^[@r39])^ and pancreatic acinar cells express functional NOD1;^[@r12]--[@r14])^ in the latter case, sensing of commensal organism-derived PGN by NOD1 mediates acute and chronic pancreatitis as discussed in greater detail below.^[@r12]--[@r14])^

The NOD1 responses of various types of cells reviewed above is to a great extent regulated by their level of NOD1 expression. As might be expected such expression is up-regulated in an inflammatory milieu such as that accompanied by the generation of type I IFN and IFN-γ.^[@r40],[@r41])^ The involvement of type I IFN in NOD1 expression has been inferred from studies of *Listeria monocytogenes* infection in which it was observed that increased macrophage NOD1 expression normally induced by this infection is virtually absent in type I IFN receptor-deficient mice.^[@r40])^ On the other hand, baseline expression of NOD1 by epithelial cells is up-regulated by IFN-γ, but not TNF-α, and this is mediated by the binding of IFN-γ-induced interferon regulatory factor 1 (IRF1) to the NOD1 promoter.^[@r41])^

As mentioned above, NOD1 activation plays a protective role in a wide variety of major bacterial infections such as *Salmonella typhimurium*, *Streptococcus pneumoniae*, *Staphylococcus aureus*, enteroinvasive *Escherichia coli*, *Clostridium difficile*, *Chlamidia trachomatis*, *and* *Chlamydia pneumoniae*.^[@r22],[@r28],[@r29],[@r36]--[@r38])^ In addition, it is involved in the pathogenesis of several important viral infections including cytomegalovirus^[@r42])^ and Hepatitis C virus.^[@r43])^ Thus, it is clear that NOD1 activation is involved in various kinds of human infectious diseases.

Signaling pathways of NOD1 (Figure [1](#fig01){ref-type="fig"})
===============================================================

NOD1-mediated activation of nuclear factor-kappa B (NF-κB) and mitogen-activated protein kinases (MAPKs).
---------------------------------------------------------------------------------------------------------

NOD1 activation resulting from LRR sensing of NOD1 ligand is initiated by a NOD1 conformational change that allows a homotypic interaction between NOD1 CARD domains and NOD1 auto-oligomerization; this, in turn, is followed by recruitment of RIP2, its initial down-stream signaling molecule.^[@r03]--[@r06])^ Such RIP2 recruitment is an obligate step in NOD1 (as well as NOD2) signaling since cells from mice deficient in RIP2 are unable to mediate NOD1 (or NOD2) activation of pro-inflammatory cytokine responses.^[@r44],[@r45])^ Whether RIP2 signaling is dedicated solely to NODs responses is an important question since RIP2 signaling not dependent on NODs activation may be necessary for an optimal cytokine response in the case of inflammation accompanied by both NODs and TLR stimulation. The answer to this question is somewhat controversial; thus, while earlier reports indicated that TLR responses also were mediated by RIP2^[@r46]--[@r48])^ more recent reports indicate that TLR responses are undiminished in the absence of RIP2.^[@r44],[@r45],[@r49])^ Despite these recent findings, RIP2 activation appears to be necessary for cytokine responses not stimulated by NOD1 and NOD2 since IFN-γ responses in the absence of RIP2 are greatly diminished in Th1 cells stimulated with IL-12 or IL-12 and IL-18,^[@r46])^ *i.e.*, a cytokine response clearly not driven by NOD1 and NOD2.

Following its activation by NOD1, RIP2 in a ubiquitinated form (see below) complexes with TAK1-binding protein 2 (TAB2) and TAB3 and then recruits TGF-β-activated kinase 1 (TAK1) to form an activator of the IκB kinase (IKK) complex; this, in turn, leads to the phosphorylation/degradation of IκBα and nuclear translocation of nuclear factor-kappa B (NF-κB) subunits that promote transcription of NF-κB target genes through binding to multiple promoter sites.^[@r03]--[@r06])^ In addition to NF-κB, mitogen-activated protein kinases (MAPKs) including extracellular signal-regulated kinase, c-JUN N-terminal kinase, and p38 are activated by RIP2.^[@r03]--[@r06])^

The binding of RIP2 to NOD1 is followed by various forms of RIP2 post-translational modification via ubiquitination. Such modification suggests that RIP2 may have various functions (depending on modification) following activation by NOD1 or that activation by NOD1 is controlled by subsequent check-points that prevents down-stream pro-inflammatory responses following inappropriate NOD1 activation.

RIP2 ubiquitination is regulated by a number of E3 ligases including various cellular inhibitor of apoptosis proteins (cIAPs) and TNF-receptor associated factors (TRAFs).^[@r50]--[@r52])^ E3 ligases are considered to be involved in Lysine 63 (K63)-linked poly-ubiquitination, acquisition of RIP2 kinase function and autophosphorylation at Tyr 474.^[@r50]--[@r53])^ More recently, X-linked inhibitor of apoptosis (XIAP) has also been shown be an ubiquitinator of RIP2.^[@r54]--[@r56])^ This IAP contrasts with the cIAPs mentioned above because it induces linear ubiquitin chain assembly (rather than K63 assembly) via recruitment of a linear ubiquitin chain assembly complex (LUBAC) composed of HOIL1L, HOIP, and SHARPIN.^[@r54]--[@r56])^ Both cIAPs-induced polyubiquitination and its accompany auto-phosphorylation and XIAP-induced polyubiquitination have been shown to be associated with RIP2 down-stream NF-κB activation, although the necessity for cIAPs-induced ubiquitination has been questioned by the fact that cIAP inhibitors do not abrogate RIP2 signaling function (see further discussion below).^[@r57])^ Interestingly, mutations in the *XIAP* gene results in an immunodeficiency state known as X-linked lymphoproliferative syndrome type 2.^[@r54],[@r55])^ This immunodeficiency may result, at least in part, from the fact that mutations in XIAP may cause defective binding to RIP2 or ubiquitination of RIP2 and thus in defective NOD1/2-RIP2 innate responses.^[@r54],[@r55])^

Pellino 3 and ITCH are two additional E3 ligases contributing to RIP2 polyubiquitination. Pellino 3 is a member of a ligase family known to polyubiqitinate IRAKs and thus to augment TLR signaling.^[@r57])^ It induces K63 polyubiquitination of RIP2 at sites other than that targeted by cIAPs and does not act via recruitment of LUBAC.^[@r57])^ Pellino 3-deficient mice exhibit reduced NOD function and thus its polyubiquitination of RIP2 is thought to be necessary for NOD-mediated innate responses; in this regard, initial Pellino 3-mediated poly-ubiquitination may be necessary for subsequent XIAP polyubiquitination and the two E3 ligases may act in tandem to mediate RIP2 activation.^[@r57])^ ITCH, in contrast, causes ubiquitination of RIP2 that induces reduced RIP2 activation and thus ITCH deficiency is associated with mucosal inflammation possibly due to inappropriate RIP2-mediated pro-inflammatory function.^[@r58])^

The positive effect of polyubiquitinating E3-ligases on RIP2 activation is counterbalanced by the negative effect of deubiquitinating enzymes that remove poly ubiquitin chains from target molecules. Thus, deubiquitinating enzymes such as A20 and CYLD are negative regulators of NOD-signaling pathways and pro-inflammatory cytokine responses are markedly increased in A20-deficient or CYLD-deficient APCs upon stimulation with NOD ligand.^[@r59]--[@r61])^ However, these deubiquitinating factors are not the only negative regulators of NODs; the latter include TRAF4 that binds directly to NOD2.^[@r62],[@r63])^ Such negative regulators could conceivably be necessary to prevent excessive NOD inflammatory responses.

NOD1-mediated activation of type I IFN.
---------------------------------------

Whereas activation of the NF-κB and MAPK pathways are the major down-stream outcomes of NOD1 signaling, the latter also results in induction of type I IFN production, another important component of the inflammatory response.^[@r10],[@r42],[@r64])^ This was initially discovered by Watanabe *et al.*, who found that gastric and colon cancer cell lines produced a large amount of chemokines upon stimulation with NOD1 ligand and that these included chemokines with the C-X-C motif (CXCL9, CXCL10, and CXCL11) that are dependent on type I IFN responses.^[@r10])^ They then found that, as expected, gastric and colonic epithelial cells stimulated with NOD1 ligand induced robust production of IFN-β and neutralization of the type I IFN signaling pathway by blockade of the IFNαβ receptor resulted in a marked reduction of CXCL10 expression.^[@r10])^

Type I IFN activates transcription of genes related to anti-microbial host defenses by acting through its receptor to induce nuclear translocation of a heterotrimeric complex, called IFN-stimulated gene factor 3 (ISGF3), the latter composed of signal transduction and activator of transcription 1 (Stat1), Stat2, and IRF9.^[@r65])^ Thus, in further studies relating NOD1 induction of type I IFN-induced responses to chemokine production Watanabe *et al.* showed that inactivation of ISGF3 via gene-silencing of Stat1 or Stat2 resulted in reduced NOD1 induction of CXCL10. Then, in studies focused on the origin of NOD1-induced CXCL10 production, Watanabe *et al.* conducted studies of bone marrow chimeric mice in which they showed that elevated serum levels of IFN-β and CXCL10 seen in NOD1-intact mice treated with NOD1 ligand were markedly decreased in X-irradiated NOD1-deficient mice transplanted with NOD1-intact bone marrow cells, but not in X-irradiated NOD1-intact mice transplanted with NOD1-deficient bone marrow cells.^[@r10])^ These results thus suggested that IFN-β production followed by IFN-β-dependent chemokine responses is an innate immune response induced by NOD1 activation in non-hematopoietic cells, most likely GI epithelial cells. Given the fact that CXCL10 attracts CXCR3-expressing Th1 cells,^[@r66]--[@r68])^ it is probable that activation of NOD1 signaling pathways in such epithelial cells is responsible for the generation of IFN-β and Th1 responses.

As for the molecular mechanisms leading to IFN-β production via NOD1 activation, detailed over-expression and knock-down studies revealed that NOD1 binding to its ligand leads to activation of RIP2 followed by the physical interaction between RIP2 and various TRAFs, such as TRAF2, TRAF5, and TRAF6 that then play a role in RIP2-mediated NF-κB activation.^[@r51],[@r69])^ In addition, activated RIP2 interacts with TRAF3 to initiate a signaling pathway that results in induction of type I IFNs.^[@r10])^ This pathway involves activation of TANK-binding kinase 1 (TBK1) and IκB kinase ε (IKKε) followed by nuclear translocation of IRF7, a transcription factor acting directly as a transcription factor for type I IFN promoter and indirectly through its induction of type I IFN and the latter's induction of ISGF3.^[@r70],[@r71])^ Thus, the RIP2-TRAF3-TBK1-IKKε-IRF7 axis plays a key role in the induction of type I IFN responses via NOD1.^[@r10])^ The interaction between RIP2 and TRAF3 appears to be a unique feature of NOD1 activation. It is reminiscent of the interaction between MyD88 and TRAF3, which plays an indispensable role in the generation of TLRs-induced type I IFN responses.^[@r72])^

Importantly, sensing of Gram-negative bacteria residing the GI tracts by intracellular NOD1 mediates mucosal host defense against gastric infection of *H. pylori* and development of pancreatitis through induction of type I IFN responses (see below). Moreover, recent studies by Fan *et al.* highlights the importance of NOD1-RIP2-mediated type I IFN responses in anti-viral host defense responses to cytomegalovirus infection of the GI tract.^[@r42])^

The role of NOD1 in autophagy and in the endoplasmic reticulum stress response.
-------------------------------------------------------------------------------

NOD1 has a surprisingly important role in cellular homeostasis, one involving autophagy and the other, the unfolded protein response. Long-lived proteins and cytoplasmic organelles are degraded or are processed for recycling by a cellular mechanism known as autophagy.^[@r73])^ During autophagy double-membrane vacuoles are formed that entrap targeted proteins and subject the latter to proteolytic digestion when the vacuoles are fused with lysosomes. Autophagy also provides machinery for the handling of bacteria that gain cellular entry, but the mechanism that links detection of such bacteria to autophagy is poorly understood. Insight into one such possible mechanism has been reported by Travassos *et al.* who found that invasive bacteria induce autophagic responses via binding of bacterial NOD1 ligand to cellular NOD1 at the bacterial entry site, which then triggers autophagy by NOD1 binding to ATG16L1, an autophagy-inducing protein.^[@r73],[@r74])^ Such NOD1-induced autophagy in epithelial cells was shown to control infection with invasive bacteria such as *Shigella flexneri*, but similar NOD1 interactions are presumably involved in the cellular entry of other bacteria as well.

The NOD1-mediated induction of autophagy described above is independent of NOD1 signaling involving RIP2.^[@r74])^ However, Irving *et al.* provided evidence that endosomal co-localization of NOD1 and RIP2 following bacterial OMV uptake leads to autophagy and inflammatory responses in gastric epithelial cells.^[@r17])^ Recently, data bearing on whether such RIP2-mediated autophagy depends on ATG16L1 was reported by Sorbara *et al.*^[@r75])^ These authors found that epithelial cells subjected to ATG16L1-knockdown exhibit increased chemokine responses upon stimulation with NOD1 ligand. In addition, they found that such increased responses were dependent on RIP2 signaling since they were not seen in RIP2-deficient cells.^[@r75])^ Conversely, epithelial cells over-expressing ATG16L1 exhibit markedly decreased K63-linked poly-ubiquitination of RIP2 upon activation of NOD1. These data thus suggest that interaction of NOD1 with ATG16L1 causes inhibition of RIP2 poly-ubiquitination and thus inhibition of NOD1-RIP2 pro-inflammatory signaling. Importantly, such negative regulation of NOD1-RIP2 signaling by ATG16L1 was independent of autophagic responses, implying that the NOD1 induction of autophagy via activation of RIP2 reported by Irving involves an autophagy-inducing mechanism independent of ATG16L1.

The accumulation of unfolded or misfolded proteins caused by endogenous cellular factors or microbial infection can trigger endoplasmic reticulum (ER) stress, a possible pro-inflammatory mechanism underlying Crohn's disease or type 2 diabetes. ER stress induces inflammation by initiating the unfolded protein response (UPR), a process that is marked by the activation of three ER transmembrane receptors: protein kinase RNA-like endoplasmic reticulum kinase (PERK), activating transcription factor 6 (ATF6) and inositol-requiring enzyme 1 (IRE1α).^[@r76])^ One of these ER receptors, IRE1α, accounts for the pro-inflammatory potential of the UPR by recruiting TRAF2 to the ER membrane and thus the activation of NF-κB and the production of IL-6.^[@r76])^ Unexpectedly, recent studies show that IRE1α/TRAF2 interaction leading to the induction of NF-κB requires recruitment of NOD1-RIP2 or NOD2-RIP2 and ligand-independent activation of the latter innate immune factors.^[@r77])^ Thus, atypical activation of NOD1 (and NOD2) plays important roles in the ER stress-induced inflammatory responses.

NOD1 and *Helicobacter pylori* infection
========================================

Activation of NOD1 by *H. pylori.*
----------------------------------

Persistent gastric infection of *H. pylori* causes a wide variety of human upper GI tract disorders including chronic gastritis, peptic ulcers, mucosa-associated lymphoid tissue lymphoma, and gastric cancer.^[@r78])^ *H. pylori* organisms are classified into two strains of differing pathogenicity conferred by the expression of cytotoxin-associated gene A (CagA), a virulence protein encoded by the *cagA* gene. The *cagA* gene is one of the 28--30 genes comprising the *cag* pathogenicity island that together provide the proteins necessary for the expression of a syringe needle-like structure known as the type IV section system (T4SS) that allows efficient *H. pylori* injection of toxins and bacterial cell wall components into gastric epithelial cells.^[@r78],[@r79])^

Viala *et al.* provided the first evidence that intracellular NOD1 in gastric epithelial cells detects NOD1 ligand derived from *H. pylori* PGN and that such detection has host defense implications.^[@r09])^ These authors showed first that such detection was CagA-dependent since *H. pylori* expressing a functional T4SS but not a non-functional T4SS, activated NOD1 as assessed by reporter gene assays. They then showed that NOD1-deficient mice exhibit increased bacterial burdens of T4SS-bearing *H. pylori* organisms as compared with NOD1-intact mice upon acute infection with these organisms.^[@r09])^

Whereas CagA injection of PGN into cells may be the primary mechanism of intra-cellular entry of NOD1 ligand as suggested by Viala *et al.*, NOD1 ligand may also gain entry into the cell in a T4SS-independent fashion via *H. pylori*-derived OMVs. As indicated above, the latter are cell membrane structures released from cells and containing cell contents (such as *H. pylori* PGN) that can be transported across the cell membrane by lipid rafts.^[@r80])^ This mechanism of PGN-NOD1 ligand entry has also been shown to have host defense implications in that it results in NOD1-dependent NF-κB activation and pro-inflammatory chemokine responses.^[@r80])^ Recently, Irving *et al.* elucidated the molecular mechanism accounting for NOD1-mediated detection of *H. pylori*-derived NOD1 ligand via OMV-transmembrane transport.^[@r17])^ They reported that upon entry into the cell, OMVs derived from *H. pylori* induces autophagosome formation in a NOD1 and RIP2-dependent manner and that OMV and their contained PGN then co-localize with both NOD1 and RIP2 in early endosomes.^[@r17])^ Thus, these results suggest that *H. pylori*-derived OMVs are internalized and digested into PGN fragments by formation of autophagosomes and that sensing of PGN by NOD1 is achieved in the early endosomes.

NOD1-mediated mucosal host defense against *H. pylori* (Figure [2](#fig02){ref-type="fig"} and Table [1](#tbl01){ref-type="table"}).
------------------------------------------------------------------------------------------------------------------------------------

Host defense elicited by persistent gastric infection of *H. pylori* is mediated, at least in part, by a strong Th1 immune response since it has been shown that such responses are necessary to obtain reductions in the gastric bacterial load^[@r81],[@r82])^ and to correlate with vaccine-induced reductions of *H. pylori* colonization.^[@r83])^ Whether these adaptive host defense responses are accompanied or enhanced by innate TLRs-induced immune responses, is uncertain since the stimulatory activity of TLR4 by lipopolysaccharide (LPS) isolated from *H. pylori* is much weaker than that from *Escherichia coli* or *Salmonella typhimurium* and *H. pylori* flagellin has little ability to stimulate TLR5 responses.^[@r84],[@r85])^

On the other hand, studies by Viala *et al.* mentioned above have provided evidence that innate responses, in this case mediated by NOD1, do have a major role in host defense against *H. pylori*. This consists of the fact that NOD1-deficient mice are both susceptible to gastric infection with *H. pylori* and, in addition, exhibit increased gastric bacterial burden upon such infection.^[@r09],[@r10])^ One question arising from this observation is if and how activation of an innate NOD1 response might generate an adaptive Th1 response against *H. pylori*. In studies addressing this question and already discussed above in the section of NOD1 signaling pathways, Watanabe *et al.* showed that stimulation of gastric epithelial cells by NOD1 ligand induces a robust production of IFN-β and that such type I IFN production leads to a marked production of Th1 chemokines such as CXCL9, CXCL10, and CXCL11.^[@r10])^ This suggested that NOD1 activation in gastric epithelial cells triggers adaptive Th1 responses against *H. pylori* via its capacity to induce type I IFN production. *In vivo* support of this conclusion came from studies showing that acute gastric infection of *H. pylori* up-regulates expression of IFN-γ, IFN-β, and CXCL10 in the gastric mucosa of NOD1-intact mice and that mice that are deficient in NOD1 or type I IFN receptor expression exhibit increased bacterial burden following oral challenge with *H. pylori* as compared with NOD1-intact or type I IFN receptor-intact mice.^[@r10])^

The role of epithelial cells in NOD1 induction of Th1 responses during *H. pylori* infection discussed above is highlighted by the fact that CXCL10 produced by such cells attracts CXCR3-expressing Th1 cells^[@r66]--[@r68])^ and that expression of CXCL10 is in fact observed in the stomach of patients with *H. pylori* infection.^[@r86])^ Furthermore, since the major Th1 cytokine, IFN-γ, up-regulates NOD1 expression,^[@r10],[@r41])^ adaptive Th1 cells producing IFN-γ may activate innate immune responses through their effect on epithelial expression of NOD1, correlating with the fact that significantly increased expression of NOD1, IFN-γ, and CXCL10 has been seen in human gastric biopsies displaying severe *H. pylori*-related gastritis as compared with those displaying mild gastritis.^[@r87])^ Taken together, these findings suggest the existence of a positive feedback loop between NOD1 responses of epithelial cells and Th1 responses of lymphoid cells.

As mentioned above, the RIP2-TRAF3-TBK1-IKKε-IRF7 axis leading to signaling via the type I IFN receptor and activation of ISGF3 plays a major role in NOD1 induction of type I IFN responses in gastric epithelial cells.^[@r10])^ Thus, NOD1 activation of CXCL9, CXCL10, and CXCL11 transcription via type I IFN requires nuclear translocation of ISGF3, a complex composed of Stat1, Stat2, and IRF9.^[@r10])^ On this basis Watanabe *et al.* examined the activation status of ISGF3 components in the gastric mucosa of mice challenged with *H. pylori* and found that Stat1 and Stat2 activation was enhanced in the gastric mucosa of NOD1-intact mice whereas no such activation was observed in NOD1-deficient mice.^[@r10])^ Furthermore, NOD1-intact mice treated with Stat1-specific siRNA exhibited increased bacterial burden of *H. pylori* in the stomach with diminished production of CXCL10 and IFN-γ.^[@r10])^ Thus, it was evident that NOD1 induction of type I IFN in epithelial cells does require activation of ISGF3.

Interestingly, although NF-κB activation is a major outcome of NOD1-mediated signaling, NOD1-mediated mucosal host defense against acute infection with *H. pylori* does not depend on NF-κB activation. This became apparent from the fact that treatment of *H. pylori*-challenged mice with NF-κB decoy oligonucleotides did not reduce the gastric expression of Th1 chemokines as compared with mice treated with control scrambled oligonucleotides, although treatment with NF-κB decoy oligonucleotides did lead to a marked reduction in the expression of NF-κB-related genes such as TNF and CXCL2.^[@r10])^ Thus, NOD1 mediates mucosal host defense against *H. pylori* through the type I IFN-ISGF3 pathway rather than the NF-κB pathway. In line with this conclusion, Hirata *et al.* showed that activation of NF-κB induced by infection with *H. pylori* does not depend upon NOD1.^[@r88])^

Detection of *H. pylori*-derived PGN by NOD1 in gastric epithelial cells induces other anti-microbial responses in addition to those involving type I IFN described above. Thus, *H. pylori* infection of gastric epithelial cells causes IL-8 production via NOD1-dependent MAPK activation and thereby leads to the migration of neutrophils into the gastric mucosa.^[@r89])^ In addition, NOD1 causes epithelial cell release of AMPs capable of direct killing of *H. pylori* organisms.^[@r33])^ It is therefore obvious that NOD1 utilizes various pathways to protect the hosts from gastric infection with *H. pylori*.

NOD1 activation and gastric cancer (Figure [3](#fig03){ref-type="fig"} and Table [1](#tbl01){ref-type="table"}).
----------------------------------------------------------------------------------------------------------------

Chronic infection of the gastric mucosa with *H. pylori* is the strongest known risk factor for the development of gastric carcinogenesis.^[@r78])^ This is most likely related to the fact that chronic immune stimulation of the mucosal immune system creates a local milieu that supports malignant transformation of epithelial cells such as the induction of cytokines that induce transformation of cells with up-regulated oncogenes; however, it is also possible that immune responses can protect against malignant transformation. As described above, NOD1 is a major innate immune sensor of *H. pylori* infection and is therefore likely to be involved in the development of *H. pylori*-associated gastric cancer, either as positive or negative factor. Indeed, Suarez *et al.* performed expression analysis of NOD1 in the human gastric cancer mucosa and non-cancer mucosa^[@r90])^ and found that epithelial staining intensity of NOD1 was much lower in gastric cancer mucosa as compared with non-cancer mucosa, suggesting that that in this case, an innate immune response is serving to protect against the development of gastric cancer.^[@r90])^

Caudal-type homeobox protein 2 (Cdx2) is a gastric epithelial cell-derived trans-differentiation factor that plays a pivotal but as yet poorly understood role in the development of "intestinal type" gastric adenocarcinoma; as such its expression serves as a harbinger of eventual development of gastric malignancy.^[@r91])^ Thus, as expected, expression of Cdx2 was significantly higher in human gastric cancer mucosa than in non-cancerous mucosa. Asano *et al.*, explored the possibility that NOD1 was affecting malignant transformation via an effect on Cdx2 expression and conducted extensive studies elucidating the molecular mechanisms governing the relation of NOD1 signaling and Cdx2 expression.^[@r11])^ They found that Cdx2 expression in epithelial cell lines is induced by infection with *H. pylori* and that such expression is dependent on NF-κB activation. Unexpectedly, they also found that activation of NOD1 negatively regulates *H. pylori*-induced Cdx2 expression since siRNA-mediated knockdown of NOD1 markedly enhanced Cdx2 expression upon exposure to *H. pylori*. In line with previous findings discussed above showing that NOD1/RIP2-mediated TRAF3 activation triggers type I IFN responses rather than NF-κB-related responses,^[@r10])^ Cdx2 expression induced by exposure to *H. pylori* was markedly reduced in gastric cancer cells overexpressing TRAF3. They thus concluded that the unique ability of NOD1-activated RIP2 to interact with TRAF3 leads to down-regulation of NF-κB support of Cdx2 expression.

In related studies, Asano *et al.* provide *in vivo* data that support the *in vitro* findings described above.^[@r11])^ First, they found that the frequency of goblet cells, highly indicative of pre-cancerous intestinal metaplasia, was more evident in the gastric mucosa of NOD1-deficient mice 12 months after infection with *H. pylori* than in NOD1-intact mice. Moreover, gastric tissues of NOD1-deficient mice with prolonged *H. pylori* infection exhibited higher levels of Cdx2 expression and lower levels of TRAF3 expression than those of NOD1-intact mice. Moreover, nuclear translocation of NF-κB subunit p65 was enhanced in the gastric tissues of NOD1-deficient mice with prolonged *H. pylori* infection as compared with those of NOD1-intact mice. These *in vivo* studies thus again suggest that NOD1 activation of TRAF3 and the latter's inhibition of NF-κB activation suppress gastric carcinogenesis induced by prolonged *H. pylori* infection. It should be noted that this conclusion meshes quite well with the role of NOD1 as a host defense factor in protection against *H. pylori* infection since in both cases NOD1 is operating via a TRAF3-mediated signaling pathway that favors type I IFN responses rather than NF-κB responses.

NOD1 and pancreatitis
=====================

Trypsinogen activation and pancreatitis.
----------------------------------------

Pancreatitis is one of the major inflammatory disorders of the GI tract and as such has been subjected to considerable research probing its pathogenesis.^[@r92],[@r93])^ Nevertheless, it remains poorly understood, particularly with respect to the possible contribution of causative immunologic factors. Recently, it has been discovered that NOD1 plays a major pathogenic role in pancreatitis and will be the focus of this analysis of pancreatitis pathogenesis.^[@r14])^

It is useful to discuss the acute and chronic forms of pancreatitis separately because, while these types of pancreatitis share underlying features, they also have specific manifestations. Acute pancreatitis is defined as sudden inflammation of the exocrine pancreas occurring in a previously normal pancreas and that may undergo resolution without causing permanent pancreatic damage. Chronic pancreatitis is a persistent inflammation of the pancreas usually punctuated by acute exacerbations and occurring in a pancreas that bears the marks of previous episodes of inflammation.^[@r14],[@r94],[@r95])^

An underlying feature of both acute and chronic pancreatitis is dysfunction in the management of potentially corrosive digestive enzymes that are secreted by the pancreas into the intestine and are necessary for normal digestion. In the normal state these enzymes are synthesized in pancreatic acinar cells as inactive pro-enzymes (such as trypsinogen) and are maintained in this state until activated by enterokinase upon entry into the gut lumen.^[@r96],[@r97])^ It is widely believed that pancreatitis is initiated by genetic or environmental factors (the latter including excessive alcohol intake or intake of high fat foods) that cause inappropriate intra-pancreatic activation of pancreatic digestive enzymes, especially trypsinogen, and this is followed by auto-digestion of pancreatic tissue and inflammation.^[@r96],[@r97])^

Strong support of this "trypsin-centered" theory of pancreatitis pathogenesis comes from studies of hereditary pancreatitis in humans.^[@r98])^ In these studies it was found that various pancreatitis-associated mutations of PRSS1 gene (the gene encoding the main form of trypsinogen, cationic trypsinogen) lead to a form of trypsinogen that is subject to inappropriate activation or to resistance to intra-cellular degradation after inadvertently activation.^[@r98])^ In addition, various mutations of the pancreatitis-associated gene, serine protease inhibitor, Kazal type I (SPINK1) gene (the gene encoding an inhibitor of activated trypsin) impairs negative regulation of trypsinogen activation occurring in acinar cells.^[@r98])^ Thus, these genetic studies as well as studies of experimental pancreatitis in mice^[@r14],[@r98])^ bolster the concept that inappropriate trypsinogen activation followed by auto-digestion initiates and sustains inflammatory responses of the pancreas.

The trypsin-centered theory of pancreatitis has recently been challenged by an extensive analysis of T7 trypsinogen-depleted mice, *i.e.*, mice that do not synthesize the murine form of trypsin thought to be equivalent to human inflammation-inducing cationic trypsin mentioned above.^[@r99]--[@r101])^ Mice deficient in T7 trypsinogen exhibit a marked reduction in activation of trypsinogen but nevertheless exhibit comparable levels of acute and chronic experimental pancreatitis induced by repeated injections of cerulein, a cholecystokinin receptor (CCKR) agonist as observed in wild type mice.^[@r99],[@r100])^ These results thus suggested that experimental pancreatitis can occur independently of trypsinogen activation and that pathogenesis of pancreatitis cannot be explained by the trypsin-centered theory alone. It should be noted, however, that these studies do not rule out the possibility that *in vivo*, potentially inflammatory trypsinogen may not consist of T7 trypsinogen alone and that T7 trypsinogen depletion leaves intact other isoforms of trypsinogen that could still be mediating pancreatitis. On this basis, the most reasonable interpretation of studies on the role of trypsinogen activation as an initiator and sustainer of pancreatitis is that such activation is necessary but not sufficient as a cause of pancreatitis and that other presumably immune-related causes must be operative as well.

NOD1 activation and acute pancreatitis (Figure [4](#fig04){ref-type="fig"} and Table [1](#tbl01){ref-type="table"}).
--------------------------------------------------------------------------------------------------------------------

Although in most patients acute pancreatitis is a self-limited inflammation in some patients a severe form of acute pancreatitis occurs that be associated with systemic manifestations of infection.^[@r95])^ Ultimately it was found that this clinical outcome was the result of bacterial colonization of the inflamed pancreas followed by infection of necrotic pancreatic tissue.^[@r95])^ Thus, such cases provided initial clinical evidence that pancreatitis is associated with disruption of the intestinal barrier followed by entry of intestinal microflora into the circulation and colonization of the pancreas.^[@r12],[@r102]--[@r107])^ This was more definitively examined in studies of experimental pancreatitis wherein it was formally shown that mice with pancreatitis have increased bowel permeability and that particles with the size of bacteria have been translocated into the pancreas.^[@r102]--[@r107])^ Studies in humans of the types of organisms that enter the circulation by Li *et al.* using 16S rRNA based technology revealed that a broad range of bacteria are detected in the circulation of about 70% of patients; these bacteria were similar to commensal organisms in the GI tract and the latter were presumed to be their origin; however, in some cases the organisms were pathogens, perhaps accounting for the more severe cases of pancreatitis mentioned above.^[@r108])^ Of interest, bowel sterilization with a broad range of antibiotics effectively prevented the development of experimental pancreatitis; this finding suggested that translocated organisms play a significant role in pancreatitis pathogenesis.^[@r12],[@r105]--[@r107])^

In initial studies designed to clarify the immune responses against intestinal microflora that might be playing a role in acute pancreatitis Watanabe and his colleagues subjected mice deficient in various innate immune receptors to experimental pancreatitis induced by repeated administration of relatively high doses of cerulein (50 µg/kg), the latter an agent that causes pancreatitis via excessive stimulation of the CCKR.^[@r12])^ They found that TLR2 and TLR9 deficient mice exhibited levels of pancreatitis equivalent to that in wild type mice and that TLR4-deficient mice, (that cannot respond to LPS) exhibited somewhat less pancreatitis than wild type mice. However, quite surprisingly, mice deficient in NOD1 were completely resistant to the development of cerulein-induced pancreatitis, indicating that innate recognition of NOD1 ligand derived from gut bacteria plays a major role in the development of pancreatitis. A central question raised by this observation as well as the relation of pancreatitis to bacterial translocation discussed above, is why gut bacteria enter the circulation during acute pancreatitis. The most likely answer to this question is that pancreatic inflammation initially arising from trypsin activation sets in motion the intra-pancreatic activation of innate immune receptors that recognize damage-associated molecular patterns (DAMPs) released from dying pancreatic cells and then stimulate the production of a set of cytokines that change gut permeability and mediate bacterial translocation.^[@r109]--[@r111])^

To further define the role of NOD1 in the development of acute pancreatitis, Watanabe *et al.*, established a new model of acute pancreatitis induced by simultaneous and repeated administration of low doses of cerulein (20 µg/kg) and FK156, an activator of NOD1 that mimics the effect of gut bacteria that have breached the mucosal barrier. The value of this method of inducing pancreatitis resided in the fact that whereas administration of low doses of cerulein alone or NOD1 ligand alone did not induce pancreatitis, the simultaneous administration of these agents does induce pancreatitis; thus this model enables one to analyze the separate molecular mechanisms of inflammation induced by each of the agents causing pancreatitis.^[@r12])^

In initial studies utilizing this model, Watanabe *et al.* conducted bone marrow transplantation studies to determine the type of cells expressing NOD1 in the development of pancreatitis.^[@r12])^ They found that one could successfully induce acute pancreatitis in X-irradiated NOD1-intact mice transplanted with NOD1-deficient hematopoietic cells, but not in X-irradiated NOD1-deficient mice transplanted with NOD1-intact hematopoietic cells.^[@r12])^ These results strongly suggest NOD1 must be expressed in non-hematopoietic cells, most likely pancreatic acinar cells, to support pancreatitis development.

In related studies they determined the chemokines responsible for development of pancreatitis in this new model of pancreatitis. Here they found that simultaneous activation of NOD1 and cerulein stimulation of the CCKR led to robust production of C-C motif chemokine ligand 2 (CCL2) by pancreatic acinar cells and that mice deficient in C-C chemokine receptor type 2 (CCR2) did not develop pancreatitis.^[@r12])^ Thus, CCL2 produced by pancreatic acinar cells emerged as the key pathogenic chemokine in the development of acute pancreatitis induced by simultaneous activation of NOD1 and CCKR.

Finally, Watanabe *et al.* took advantage of the low dose cerulein-NOD1 ligand model of experimental acute pancreatitis described above to analyze the separate and synergistic acinar cell signaling induced by simultaneous NOD1 ligand and low dose cerulein stimulation characterizing the induction of pancreatitis. First, they found that both CCKR stimulation by cerulein and NOD1 signaling by NOD1 ligand was necessary for the activation of NF-κB, the single most important factor in the downstream pathway of pancreatic inflammation. Thus, whereas stimulation of CCKR by low dose cerulein induces protein kinase C (PKC) and TAK1 activation as in previous studies,^[@r112])^ the level of such activation by low dose cerulein alone is not sufficient to induce activation of NF-κB; likewise, NOD1 activation of RIP2 also is not sufficient to induce activation of NF-κB. In contrast, simultaneous activation of these pathways by NOD1 ligand and low dose cerulein administered together led to a level of TAK1 activation that was now sufficient to induce activation of NF-κB. This finding is seemingly at odds with the observation alluded to above that high dose cerulein administration is able to induce pancreatitis in the apparent absence of NOD1 ligand. However, this latter observation is more apparent than real, since high dose cerulein is able to induce a sufficient level of inflammation in the pancreas (via trypsin activation?) to cause translocation of gut bacteria into the circulation and thus stimulation of acinar cells by bacterial NOD1; thus even high dose cerulein requires NOD1 activation, as confirmed by the observation already discussed that high dose cerulein does not induce pancreatitis in the sterilized mouse.

A second set of insights derived from the low dose cerulein-NOD1 ligand pancreatitis model was that synergistic stimulation by NOD1 ligand and cerulein is also necessary for the optimal generation of Stat3, a signaling component necessary for the up-regulation of CCL2 expression, the critically important chemokine necessary for the pancreatic influx of inflammatory macrophages. As noted in previous studies, stimulation of CCKR by cerulein results in the induction of Stat3 activation.^[@r113])^ However, such induction is greatly enhanced by type I IFN induced by NOD1 signaling and thus simultaneous activation of NOD1 and CCKR induces synergistic and optimal, activation of Stat3 in pancreatic acinar cells. In addition, in line with the fact that the expression of CCL2 requires transactivation of NF-κB and Stat3,^[@r114])^ synergistic activation of NF-κB and Stat3 induced by simultaneous injections with low doses of cerulein and NOD1 ligand is responsible for a robust production of CCL2 by pancreatic acinar cells.

Taken together, the model of experimental acute pancreatitis induced by low dose cerulein and NOD1 ligand provides a rich trove of new insights into the immuno-pathogenesis of pancreatitis that is likely to apply to human pancreatitis. Perhaps the most important of these is the increased recognition that bacteria entering the circulation as a result of DAMPs release in the pancreas and then stimulation of acinar cells via NOD1 are an essential feature of acute pancreatitis pathogenesis.

NOD1 activation and chronic pancreatitis (Figure [5](#fig05){ref-type="fig"} and Table [1](#tbl01){ref-type="table"}).
----------------------------------------------------------------------------------------------------------------------

The model of acute pancreatitis described above to investigate the immunologic factors in the pathogenesis of pancreatitis was subsequently used as template by Watanabe *et al.*, as a way to develop a model of chronic pancreatitis. In this chronic model, mice were again administered repeated doses of NOD1 ligand and low doses of cerulein, but in this case this regimen was maintained for a longer period of time. The chronic pancreatitis that ensued was characterized by a massive infiltration of immune cells and the appearance of a characteristic feature of chronic pancreatitis, intense fibrosis and reduction in functional pancreatic parenchymal mass.^[@r13])^ As in the acute pancreatitis model, NOD1 expressed in pancreatic acinar cells played an indispensable role in the chronic pancreatitis model as shown in studies of chimeric mice: X-irradiated NOD1-intact mice transplanted with NOD1-deficient hematopoietic cells were susceptible to chronic pancreatitis whereas X-irradiated NOD1-deficient mice transplanted with NOD1-intact hematopoietic cells were resistant to chronic pancreatitis. In addition, type I IFN responses were, as in the acute model, again shown to be essential for the development of pancreatitis as shown by the fact that type I IFN receptor-deficient mice were resistant to the development of chronic pancreatitis. The role of type I IFN in the induction of chronic pancreatitis is related to its capacity to elicit Stat3 activation and CCL2 expression necessary for the influx of the inflammatory macrophages that mediate the pancreatic inflammation (as briefly alluded to above in the discussion of acute pancreatitis). In addition, studies of the chronic model disclosed that type I IFN plays a key role in the macrophage TNF-α production, the cytokine most responsible for acinar cell death. Thus, in these studies it was shown that pancreatic acinar cells derived from the inflamed pancreas and co-cultured with CD11b^+^ macrophages release increased amounts of IL-33.^[@r13],[@r14])^ Moreover, it was shown that such IL-33 secretion was inhibited by type I IFN receptor Ab or anti-TNF-α Ab, agents that block macrophage TNF-α production and acinar cell IL-33 production, respectively.^[@r13],[@r14])^

In further studies of the chronic pancreatitis model, pancreatic lysates obtained from inflamed pancreas were analyzed to characterize the cytokine and chemokine responses accompanying the chronic pancreatic inflammation. As expected, these studies disclosed that a number of prototypical pro-inflammatory factors are produced in the chronic pancreatic tissue including TNF-α, IL-6, IFN-γ, and IFN-β among the cytokines and CCL2, CXCL9 and CXCL10 among the chemokines. In addition, the chronic pancreatitis was accompanied by secretion of several pro-fibrogenic cytokines such as IL-33, IL-13, and TGF-β1.^[@r115]--[@r117])^ Thus, chronic and simultaneous activation of NOD1 and CCKR enhances production of cytokines and chemokines that mediate both pro-inflammatory and pro-fibrogenic responses.^[@r13],[@r14])^

Given the importance of pancreatic fibrosis in shaping the character of chronic pancreatitis, the chronic model was also used to define the mechanisms of fibrosis development in chronic pancreatitis. Perhaps the most important finding here was the fact that neutralization of IL-33 signaling by blockade of the IL-33 receptor with anti-ST2 Ab inhibited both inflammatory and fibrogenic responses due to accompanying reduction in the IL33-induced expression of TNF-α, CCL2, IL-13, and TGF-β1. As noted above, IL-33 production by acinar cells is increased upon co-culture with pancreatic myeloid cells (macrophages) that are being stimulated by type I IFN, strongly suggesting that such myeloid cells produce TNF-α that induces IL-33 production by acinar cells.^[@r118])^ Thus, the fibrosis of chronic pancreatitis has its origin in the inflammatory effect of macrophages on acinar cells. Finally, it is important to emphasize that IL-33 induction of fibrosis is directly correlated with its induction of IL-13, a cytokine that plays a critical role in tissue fibrogenesis generally^[@r115],[@r116])^ as well as in the chronic pancreatitis model studied. The latter was established by studies showing that neutralization of IL-13 (by administration of anti-IL-13 Ab) protected mice from the development of fibrosis and that such neutralization was accompanied by reduced pancreatic expression of TGF-β1, a major effector of fibrosis but not CCL2 and IFN-β, major pro-inflammatory factors.^[@r13])^ Interestingly, the IL-13 induced by IL-33 was produced by CD4^+^ T cells inasmuch as T cell-deficient mice are resistant to the development of chronic pancreatitis.^[@r13])^

Concluding remarks
==================

This review of NOD1 function discloses that this NLR-type innate intra-cellular sensor of PGN peptides mediates a wide array of immunologic functions affecting host defense including activation of the NF-κB and MAPK responses as well as induction of the type I IFN response. As such, NOD1 plays a surprisingly important role in several inflammatory diseases of the GI tract including *H. pylori* infection of the gastric mucosa and in both acute and chronic pancreatitis. Thus, in *H. pylori* infection NOD1 is essential in the induction of protective type I IFN responses and activation of the ISGF3 signaling pathway. In addition, NOD1 inhibits gastric carcinogenesis through negative regulation of Cdx2 expression. Finally, in pancreatitis responses to translocated bacteria by NOD1 expressed by acinar cells are responsible both for the influx of inflammatory macrophages and for the acinar cell-destructive effect of TNF-α leading to the expression of IL-33 and pancreatic fibrosis. These newly defined roles of NOD1 in GI inflammation call attention to the possibility that manipulation of NOD1 function can be the focus of new forms of therapy.
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![Signaling pathways of NOD1. Nucleotide-binding oligomerization domain 1 (NOD1) detects peptidoglycan (PGN) derived from Gram-negative bacteria. Sensing of PGN by intracellular NOD1 leads to activation of receptor interacting protein 2 (RIP2). RIP2 subjected to poly-ubiquitination (pUb) by E3 ligases or linear ubiquitin chain assembly complex (LUBAC) interacts with TGF-beta-activated kinase 1 (TAK1) and IκB kinase (IKK) complex to induce nuclear translocation of nuclear factor-κB (NF-κB) subunits. On the other hand the interaction between RIP2 and TNF receptor associated factor 3 (TRAF3) induces type I IFN responses through nuclear translocation of interferon regulatory factor 3 (IRF3) and IRF7. NOD1 also interacts with ATG16L1 to induce autophagy.](pjab-93-578-g001){#fig01}

![Involvement of NOD1 in mucosal host defense against *Helicobacter pylori* infection. Nucleotide-binding oligomerization domain 1 (NOD1) expressed in gastric epithelial cells detects peptidoglycan (PGN) or outer membrane vesicles (OMVs) derived from *Helicobacter pylori* (*H. pylori*). Sensing of PGN or OMV by NOD1 causes nuclear translocation of nuclear factor-κB (NF-κB) subunits to induce production of C-X-C motif chemokine ligand 8 (CXCL8) and anti-microbial peptides. Sensing of PGN by NOD1 causes nuclear translocation of interferon regulatory factor 7 (IRF7) through activation of TNF receptor associated factor 3 (TRAF3) to induce production of IFN-β. Production of IFN-β causes activation of interferon stimulated gene factor 3 (ISGF3), a heterotrimer composed of signal transduction and activator of transcription 1 (Stat1), Stat2, and IRF9 to induce production of T helper type 1 (Th1) chemokines such as CXCL9, CXCL10, and CXCL11.](pjab-93-578-g002){#fig02}

![Involvement of NOD1 in gastric carcinogenesis associated with *Helicobacter pylori* infection. Nucleotide-binding oligomerization domain 1 (NOD1) expressed in gastric epithelial cells detects peptidoglycan (PGN) derived from *Helicobacter pylori* (*H. pylori*). Exposure to *H. pylori* in gastric epithelial cells causes nuclear translocation of nuclear factor-κB (NF-κB) subunits to induce expression of caudal-type homeobox protein 2 (CDX2), a critical factor for intestinal metaplasia and gastric carcinogenesis. This induction of CDX2 expression is negatively regulated by activation of NOD1-TNF receptor associated factor 3 (TRAF3) pathways.](pjab-93-578-g003){#fig03}

![Involvement of NOD1 in acute pancreatitis. Excessive drinking of alcohol and intake of high fat foods cause cholecystokinin receptor (CCKR) signaling pathways to induce intra-acinar activation of trypsinogen. Nucleotide-binding oligomerization domain 1 (NOD1) expressed in pancreatic acinar cells detects peptidoglycan (PGN) derived from intestinal microflora translocated into the pancreas. CCKR-mediated signaling pathway causes nuclear translocation of nuclear factor-κB (NF-κB) subunits through the interaction between protein kinase C (PKC) and TGF-β-activated kinase 1 (TAK1). NOD1-mediated signaling pathway causes nuclear translocation of NF-κB subunits through the interaction between receptor interacting protein 2 (RIP2) and TAK1. Synergistic activation of NF-κB is achieved by simultaneous activation of CCKR and NOD1. Sensing of PGN by NOD1 causes nuclear translocation of interferon regulatory factor 7 (IRF7) through activation of TNF receptor associated factor 3 (TRAF3) to induce production of IFN-β. Production of IFN-β induced by NOD1 activation acts together with CCKR activation to induce optimal activation of signal transduction and activator of transcription 3 (Stat3). Simultaneous activation of NOD1 and CCKR leads to a robust production of C-C motif chemokine ligand 2 (CCL2) by pancreatic acinar cells through activation of NF-κB and Stat3, which mediates migration of inflammatory myeloid cells into the pancreas.](pjab-93-578-g004){#fig04}

![Involvement of NOD1 in chronic pancreatitis. Simultaneous activation of nucleotide-binding oligimerization domain 1 (NOD1) and cholecystokinin receptor (CCKR) leads to a robust production of C-C motif chemokine ligand 2 (CCL2) through activation of nuclear factor-κB (NF-κB) and signal transduction and activator of transcription 3 (Stat3), which mediates migration of C-C chemokine receptor type 2 (CCR2)-expressing inflammatory myeloid cells into the pancreas. CCR2-expressing inflammatory myeloid cells produce pro-inflammatory cytokines such as TNF-α and IL-6. TNF-α and IFN-β produced by myeloid cells and pancreatic acinar cells, respectively, lead to a robust production of IL-33. IL-33 mediates chronic fibro-inflammatory responses of the pancreas.](pjab-93-578-g005){#fig05}

###### 

NOD1 activation and gastrointestinal disorders

                                          NOD1-trigerring factors                   NOD1-expressing cells      Responses induced by NOD1 activation   Outcome
  --------------------------------------- ----------------------------------------- -------------------------- -------------------------------------- -----------------------------------
  *H. pylori*-associated gastritis        Type IV secretion system, OMV transport   Gastric epithelial cells   AMP ↑CXCL8 ↑CXCL10 ↑Type I IFN ↑       Protection against infection
                                                                                                                                                      
  *H. pylori*-associated gastric cancer   Type IV secretion system, OMV transport   Gastric epithelial cells   CDX2 ↓                                 Cancer development inhibition
                                                                                                                                                      
  Acute pancreatitis                      Bacterial translocation                   Pancreatic acinar cells    CCL2 ↑Type I IFN ↑                     Induction of acute pancreatitis
                                                                                                                                                      
  Chronic pancreatitis                    Bacterial translocation                   Pancreatic acinar cells    Type I IFN ↑CCL2 ↑IL-33 ↑              Induction of chronic pancreatitis

[^1]: (Communicated by Shizuo AKIRA, M.J.A.)
